Mixed-linkage (1,3;1,4)-b-glucan (MLG) is a glucose polymer with beneficial effects on human health and high potential for the agricultural industry. MLG is present predominantly in the cell wall of grasses and is synthesized by cellulose synthase-like F or H families of proteins, with CSLF6 being the best-characterized MLG synthase. Although the function of this enzyme in MLG production has been established, the site of MLG synthesis in the cell is debated. It has been proposed that MLG is synthesized at the plasma membrane, as occurs for cellulose and callose; in contrast, it has also been proposed that MLG is synthesized in the Golgi apparatus, as occurs for other matrix polysaccharides of the cell wall. Testing these conflicting possibilities is fundamentally important in the general understanding of the biosynthesis of the plant cell wall. Using immuno-localization analyses with MLG-specific antibody in Brachypodium and in barley, we found MLG present in the Golgi, in post-Golgi structures and in the cell wall. Accordingly, analyses of a functional fluorescent protein fusion of CSLF6 stably expressed in Brachypodium demonstrated that the enzyme is localized in the Golgi. We also established that overproduction of MLG causes developmental and growth defects in Brachypodium as also occur in barley. Our results indicated that MLG production occurs in the Golgi similarly to other cell wall matrix polysaccharides, and supports the broadly applicable model in grasses that tight mechanisms control optimal MLG accumulation in the cell wall during development and growth. This work addresses the fundamental question of where mixed linkage (1,3;1,4)-b-glucan (MLG) is synthesized in plant cells. By analyzing the subcellular localization of MLG and MLG synthase in an endogenous system, we demonstrated that MLG synthesis occurs at the Golgi in Brachypodium and barley. A growth inhibition due to overproduced MLG in Brachypodium supports the general applicability of the model that a tight control of the cell wall polysaccharides accumulation is needed to maintain growth homeostasis during development.
INTRODUCTION
Grass species are among the major renewable feedstocks that support human diet, animal feed and biofuel production. Grasses such as the Poaceae are an abundant source of mixed-linkage glucan (MLG), a polymer of glucose molecules connected by b-(1,3)-and b-(1,4)-linkages. This polymer has numerous agroindustrial applications and is therefore an abundantly studied polymer for biomass improvement.
It is well documented that members of the cellulose synthase-like families CSLF and CSLH are responsible for the synthesis of MLG (Scheller and Ulvskov, 2010) . This finding is supported, for example, by evidence that expression of CSLF or CSLH genes leads to MLG accumulation in Arabidopsis or tobacco, two species that lack the enzymatic machinery to produce MLG Doblin et al., 2009; Kim et al., 2015; Wilson et al., 2015) . In cereals, CSLF6 is considered the major MLG synthase, as supported by evidence that cslf6 loss-of-function mutants exhibit a drastic decrease in MLG content compared with wild type (Tonooka et al., 2009; Nemeth et al., 2010; Taketa et al., 2011; Vega-S anchez et al., 2012) and affect cellulose microfibril orientation in certain cell types (Smith-Moritz et al., 2015) . Accordingly, CSLF6 is generally the focus in MLG synthesis studies. It has been demonstrated that Brachypodium CSLF6 produces MLG in heterologous species such as tobacco or yeast that, similarly to Arabidopsis, do not synthesize this carbohydrate (Kim et al., 2015) . Hence, the synthesis of the b-(1,3)-and b-(1,4)-linkages in the MLG structure might depend on one enzyme, although we cannot exclude a possible involvement of callose synthase in MLG synthesis (Gibeaut and Carpita, 1993) . Mutations or interspecies domain swapping of CSLF6 enzymes have been shown to affect the ratio of cellotriosyl:cellotetraosyl units that are responsible for determining the structure and properties of MLG (Jobling, 2015; Dimitroff et al., 2016) , suggesting that CSLF6 has a major role in the synthesis of MLG.
Despite the dependence of MLG synthesis on a sole enzyme, engineering MLG over-accumulation in crops is not straightforward. Indeed, overexpression of CSLF6 in barley leads to high accumulations of MLG. Concomitantly however, it also leads to growth defects or even mortality (Burton et al., 2011) . This situation indicates that mechanisms must be in place to control homeostatic levels of MLG in this crop. Nonetheless, whether growth defects due to MLG over-accumulation are specific to barley or a more general response among monocots is yet to be established.
In spite of the importance of MLG in plant growth and in industrial applications, the intracellular location of MLG biosynthesis is yet not well understood. It is well established that cellulose, which consists of b-(1,4)-glucosidic linkages, and callose, which consists of b-(1,3)-glucosidic linkages, are synthesized at the plasma membrane (PM), while pectins and hemicelluloses are synthesized in the Golgi (Scheller and Ulvskov, 2010; Atmodjo et al., 2013; McFarlane et al., 2014) . Discordant observations based on immunogold labeling of thin sections with a specific MLG antibody have indicated that MLG biosynthesis may occur either at the PM or at the Golgi apparatus (Wilson et al., , 2015 Carpita and McCann, 2010) . Production of MLG in the Golgi has also been supported by biochemical fractionation studies (Gibeaut and Carpita, 1993; Urbanowicz et al., 2004; Carpita and McCann, 2010) , as well as by studies on a functional yellow fluorescent protein (YFP)-tagged Brachypodium CSLF6 that has been localized at the Golgi when transiently produced in tobacco (Kim et al., 2015) . Conversely, immunogold labeling using CSLF6 antibody showed a PM distribution of CSLF6 in barley root and coleoptiles along with biochemical fractionation analyses in Lolium multiflorum suspension-cultured cells showing enrichment of CSLF6 in the PM fraction rather than in the Golgi-enriched fraction (Wilson et al., 2015) . Production of MLG at the PM would support a grass-specific feature for the synthesis of matrix polysaccharides, while synthesis of MLG in the Golgi would support the idea that MLG is synthesized at the Golgi in a way similar to other cell wall matrix polysaccharides. Therefore, definition of the site of synthesis of MLG at a subcellular level can provide important insights into understanding the mechanisms for cell wall biosynthesis in the plant kingdom.
In this study, we have addressed the question of where MLG is produced in cells by analyzing the subcellular distribution of MLG and that of a functional fluorescent protein fusion of Brachypodium CSLF6 in vivo. Our results indicate that MLG is present in the Golgi and post-Golgi structures and in the cell wall. We also established that a functional CSLF6 is localized in the Golgi. Furthermore, we determined that overproduction of MLG causes defects in Brachypodium plant growth. The results from this work indicate that MLG is produced in the Golgi and most likely subsequently delivered to the cell wall via the biosynthetic route, and support a generally applicable model that mechanisms must be in place to control optimal MLG levels to ensure growth homeostasis in grasses.
RESULTS
MLG is distributed in the biosynthetic route from the Golgi apparatus to the cell wall of Brachypodium and barley
To address where MLG is produced in cells, we first aimed to establish the distribution of the MLG polymer in situ. To accomplish this, we performed immunogold labeling of MLG with a specific antibody directed against MLG (Meikle et al., 1994) on thin sections of 2-day-old and 5-day-old coleoptiles from Brachypodium and barley. In the biosynthetic route, Golgi-synthesized compounds destined to the cell wall are generally trafficked to the trans-Golgi network (TGN) and then shuttled via secretory vesicles to the PM; the fusion of secretory vesicles with the PM releases the vesicle content into the cell wall/apoplast (Kim and Brandizzi, 2014) . We expected that compared with a site of synthesis from which MLG is released (e.g. the Golgi or the PM, depending on the model), the site of accumulation of MLG (i.e., the cell wall) would be enriched in this carbohydrate. As expected, using transmission electron microscopy (TEM) analyses we found large accumulations of gold particles in the cell wall in both Brachypodium and barley coleoptiles (Figure 1(a, b) ). Additionally, similar to our previous results from tobacco leaf (Kim et al., 2015) and earlier results in maize (Carpita and McCann, 2010) , we also detected gold particles in the Golgi apparatus (Figures 1(a) and S1(a-d)).
Next, to establish whether the gold particle levels in the Golgi were above background labelling, we aimed to quantify their distribution in relation to other cellular structures. One approach used earlier by Wilson et al. (2015) was to measure the total number of gold particles and establish a percentage of particles found in the cell wall, vesicles and various organelles (Wilson et al., 2015) . However, given the abundance of MLG in the cell wall where it accumulates (Figures 1(a, b) and S1), the percentage of MLG in other compartments could become potentially irrelevant due to the high number of gold particles in the cell wall. Therefore, it may be difficult to discriminate bona fide MLG labeling from background levels. As MLG is secreted through the secretory pathway lumen when CSLF6 is expressed in tobacco (Kim et al., 2015) , our expectations were that the gold labelling in the Golgi would be low, even if the Golgi were the site of MLG synthesis. Indeed a pulse-chase experiment with 14 [C]O 2 in maize seedlings indicated the presence of labelled MLG in the Golgi apparatus at the pulse followed by a significant reduction of labeling in the Golgi and a significant accumulation of labeling of MLG in the cell wall following an 18 h chase period (Carpita and McCann, 2010) , supporting the hypothesis that the residence time of MLG in the secretory pathway is short. Therefore, we acquired TEM images of areas (1.33 lm 2 ) from independent thin sections containing a
Golgi stack and the cell wall. In these sections, we identified either cytoplasm alone or with non-Golgi organelles such as mitochondria, peroxisomes, and vacuoles. We considered immunogold labeling of mitochondria, peroxisomes, vacuole and cytoplasm as non-specific labelling. Using these structures as the internal control, we could (c) Quantification of TEM images containing gold particles in individual 1.33 lm 2 areas. The graph shows the percentage of TEM images containing gold particles in the designated structures. Error bars represent standard error from three independent labeling experiments (biological replicates). The paired t-tests between Golgi and cytoplasm were performed to establish statistical significance. Single asterisk, P < 0.05; double asterisk, P < 0.01. NGV, non-Golgi-associated vesicle; Mit, mitochondria; Perox, peroxisomes. establish the level of background labelling in each area where a Golgi was present. We then calculated the percentage of images containing gold particles in Golgi versus the total number of images containing Golgi. We used coleoptiles, which are known to accumulate MLG (Carpita and McCann, 2010) , and adopted two stages of growth: young coleoptiles (2-day-old coleoptile) and more mature coleoptiles (5-day-old coleoptiles). In Brachypodium, we found that~48% (2-day-old coleoptile) and~45% (5-day-old coleoptile) of the Golgi stacks contained gold particles from 125 and 110 images examined, respectively (Figure 1(c) ). In barley, we observed 25% (2-day-old coleoptile) and 34% (5-day-old coleoptile) of the Golgi stacks with gold particles from 90 and 91 images, respectively (Figure 1(c) ). In several of these sections, we identified Golgiassociated vesicular structures, which include the TGN, an organelle that can be associated with the Golgi and sorts cargo from the Golgi to post-Golgi compartments (Gendre et al., 2015) . When we counted the number of images containing gold particles either Golgi or TGN, we found that 60% of images were found to have gold particles in either organelle (Figure 1(c) ). We also observed gold particles in non-Golgi-associated vesicles (i.e. membrane enwrapped structures not associated with the Golgi that do not correspond to known organelles such as mitochondria and peroxisomes). The labelling of non-Golgi-associated vesicles may reflect accumulation of MLG in secretory vesicles in transit to the PM ( Figure S1 (e-h)). In addition, we found gold particles in vesicles that were partially fused to the PM ( Figure S1 (h)). We identified that~40% of images had gold particles at the PM, which is the arrival point of vesicles carrying secretory cargo (Figures 1(a) and S1). When we analyzed the distribution of gold particles in other organelles (i.e. peroxisome, mitochondria and vacuole) and cytoplasm, we found lesser percentage of these structures containing gold particles (Figure 1(c) ). The paired t-test between Golgi labeling and non-specific labeling in the cytoplasm was performed, because the latter was present in each area. The t-test result indicated that the difference in labeling percentages was statistically significant (Figure 1(c) ). In addition, gold particles were found to be more numerous in the Golgi and TGN compared with the mitochondria, vacuole and cytosol (Table 1) .
We next aimed to compare these findings with the level of labeling with another cell wall component that is synthesized at the Golgi (Rennie and Scheller, 2014) . Therefore, we investigated the subcellular distribution of xylan, which is synthesized in the Golgi, using LM10 antibody, a xylanspecific antibody (McCartney et al., 2005) . As expected, in Brachypodium coleoptiles, we found xylans specifically in the cells with secondary cell wall. Indeed, labeling was not verified in the epidermal cell layer (Figure 2(a) ) and in the primary cell wall of the cell of vascular tissue, which conversely exhibited in the secondary cell wall (Figure 2(c, d) ). In the vascular tissue of Brachypodium coleoptile, we found that similar to MLG,~41% of the Golgi stacks contained gold particles from a total of 86 images examined (Figure 2 (e)). We also observed the gold particles in the TGN and vesicles. Additionally, we identified~33% images containing gold particles in the PM, suggesting a similar distribution of xylan with MLG in the coleoptile. Furthermore, the number of gold particles was found to be higher in the Golgi and TGN compared with the mitochondria, vacuole and cytosol (Table 1) .
Based on these results we propose that in Brachypodium and barley, similar to other cell wall matrix components, MLG is synthesized in the Golgi apparatus and subsequently deposited in the cell wall.
A functional Brachypodium CSLF6 fusion is localized in the Golgi of endogenous tissues
Due to the documented non-specificity in storage over time of the anti-CSLF6 serum previously used to establish the localization of barley CSLF6 in situ (Wilson et al., 2015) and to avoid the issues associated with low abundance of MLG in Golgi because of its transient presence there (Carpita and McCann, 2010) , we attempted to directly address the location of the enzyme that produces MLG, CSLF6, and determine whether it resides in the Golgi. For this purpose we generated a fluorescent fusion protein (YFP-CSLF6), The numbers of gold particles in the Golgi, TGN, mitochondria, vacuole and cytosol were counted. Total numbers of organelles in the images regardless of gold labeling are presented in the number column. Numbers of gold particles found in the organelles are indicated in the gold column.
© 2018 previously shown to be functionally active in tobacco and in yeast (Kim et al., 2015) . We transformed YFP-CSLF6 driven by a constitutive promoter into Brachypodium and isolated stable transformants through antibiotic selection and western blot analyses with anti-GFP serum. Using this approach we isolated three independent lines that (e) Quantification of TEM images containing gold particles in 1.33 lm 2 area. The graph shows the percentages of TEM images containing gold particles in the designated structures. Error bars represent standard error from three independent labeling experiments (biological replicates). The paired t-tests between Golgi and cytoplasm were performed to indicate statistical significance. Single asterisk, P < 0.05. NGV, non-Golgi-associated vesicle; Mit, mitochondria; Perox, peroxisome.
exhibited the presence of a 133 kDa band, which was not present in the untransformed control (Figure 3(a) ), and corresponds to the predicted molecular weight of Brachypodium CSLF6 (105 kDa) and YFP (27 kDa) combined. These results demonstrated the expression of YFP-CSLF6 in the transgenic plants, which we named CSLF6 lines.
To establish whether the protein fusion is functional in our system, we analyzed the quantity of MLG in the alcohol insoluble residue (AIR) of mature CSLF6 lines and wild type (WT, Bd21-3). We observed a significant increase in the amount of MLG in the three transgenic lines (CSLF6-1, 28.2 lg/mg; CSLF6-2, 27.4 lg/mg; CSLF6-3, 23 lg/mg) compared with WT (18.2 lg/mg) (Figure 2(b) ). We observed a corresponding increase of glucose in the matrix polysaccharide composition analyses of CSLF6-1 and CSLF6-2 ( Figure S2(a) ), but we did not observe a significant increase of glucose levels in CSLF6-3. However, we did not find any significant difference in crystalline cellulose and lignin content ( Figure S2(b, c) ). Hence, besides increasing MLG content, overexpression of YFP-CSLF6 did not change overall cell wall composition in the transgenic Brachypodium lines. The biochemical results were paired by immunolabeling with MLG antibody on wholetissue mounts of stem cross-sections, which indicated stronger MLG accumulation in the transgenic lines compared with WT (Figure 3(c) ). These results support the idea that the CSLF6 lines express a functional fusion of CSLF6. Based on these results, we next aimed to establish the subcellular localization of YFP-CSLF6 in live cells using confocal microscopy. We found that YFP-CSLF6 was localized in numerous punctae and more faintly in a reticulated structure, which were reminiscent of the well established appearance of Golgi stacks and endoplasmic reticulum (ER), respectively (Figure 4(a) ) . While the characteristic ER network appearance is not confounded with other organelles, we aimed to establish the identity the YFP-CSLF6 punctae. To do so, we used brefeldin A (BFA), a fungal metabolite known to inhibit guanine exchange factors (GEFs) of small ARF-GTPases and cause Golgi stacks to reabsorb into the ER (Jackson and Casanova, 2000; Ritzenthaler et al., 2002) . We expected that if the punctae were Golgi stacks, their fluorescence would be redistributed in the ER upon BFA treatment. As the existence of BFA-sensitive and BFA-insensitive GEFs has been reported in Arabidopsis (Geldner et al., 2003) , an essential premise of this hypothesis was that ARF-GEFs of the GNOM-like family which are sensitive to BFA and control membrane traffic at the ER-Golgi interface (Du et al., 2013) , were present in the Brachypodium genome and controlled ER-Golgi traffic. Therefore, we scanned the Brachypodium genome and identified BIG1-like ARF-GEFs, which in Arabidopsis control post-Golgi traffic (Jonsson et al., 2017) . Of the four Brachypodium BIG1-like proteins, two contained a BFA-sensitive signature. More importantly, we also found that the Brachypodium genome contains GNOM-like-ARF-GEFs with the BFA-sensitive signature in their amino acid sequence (Figure 4(b, c)) . Therefore, we next tested whether BFA could disrupt Golgi integrity in Brachypodium cells. Indeed, we found that treatment with BFA led to disappearance of the punctae into the ER (Figure 4(e, f) ) posing the idea that, similar to the reported Golgi localization of this YFP-CSLF6 fusion in tobacco cells (Kim et al., 2015) , the enzyme is localized in the Golgi and in the endogenous system. In plant cells, Golgi stacks move around the central vacuole. To establish whether YFP-CSLF6 was a motile structures, we carried out timelapse imaging analyses and tracked the YFP fluorescence.
We used the samples treated with 1% ethanol (BFA solvent, control), BFA or from a recovery after BFA treatment (Figure 4(h-j) ). We observed movement of the YFP-CSLF6 structures in the control and recovery samples, shown as presented by colored strings in the images. However, we did not observe such movement in the BFA-treated samples. Along with the effect of BFA on the ER to Golgi trafficking, BFA also inhibits the endocytic pathway and induces aggregations of endosomes called BFA compartment (Geldner et al., 2003) . If YFP-CSLF6 punctae represented endosomes, we would expect to find YFP fluorescence in BFA compartments. However, we did not detect the presence of BFA compartments in the BFA-treated samples (Figure 4) . BFA effects are reversible upon BFA-washout (Saint-Jore et al., 2002) . Accordingly, removal of BFA through washes of the BFA-treated tissue with PBS buffer led to the reappearance of the moving punctae (Figure 4(g, j) ). These results support the conclusion that the functional YFP-CSLF6 fusion is localized in the Golgi in the endogenous system.
Growth defects and accumulation of MLG in the pith cells of YFP-CSLF6 lines
We next aimed to probe the effects of MLG over-accumulation on plant growth via overexpression of YFP-CSLF6 using the CaMV35S promoter in Brachypodium. Therefore, we carried out a phenotypic characterization of two CSLF6 lines, CSLF6-1 and CSLF6-2. First, we found that although the plants set seeds, the CSLF6 lines had a shorter stature ( Figure 5(a) ). By comparing the length of the internodes and number of nodes, we found that the reduced growth of the CSLF6 lines was due to shorter internode length ( Figure S3(a) ). To test for alteration in the overall stem structure of the CSLF6 lines, we produced transverse sections from two different regions, Sections 6 and 7, of the stem and measured stem diameter, pith cavity diameter, number of vascular bundles (VB), and average area of all pith cells and of pith cells. We found a reduction in the diameter of stem and pith cavity as well as in the number of VB of the CSLF6 lines compared with WT (Figure 4 (b, c) The Brachypodium genome encodes ARF-GTP exchange factors that are predicted to be BFA sensitive, similar to the Arabidopsis GNOM. In total, seven GEFs were identified by BLAST search in the Brachypodium genome. (b) A phylogenetic tree generated using TREE-PUZZLE clustered the Brachypodium ARFGEFs either in a group close to the Arabidopsis BFA-sensitive GEF GNOM or to another Arabidopsis ARF-GEF family BIG1. Peptide sequences of GEFs determine BFA sensitivity (Geldner et al., 2003) . Amino acids indicated in the red boxes are important residues that determine sensitivity of BFA (Geldner et al., 2003) . The Brachypodium ARF-GEFs that cluster with GNOM have amino acid residues associated with BFA sensitivity. and Table 2 ). In addition, the size of the inner VB was smaller than that of WT, indicating a compromised development of the VB in the Brachypodium transgenic lines.
To further explore the reduced stem size of the CSLF6 lines, we also measured the area of the pith cells in WT and CSLF6 lines. We found that the total number of pith
cells was not significantly different between WT and the CSLF6 lines, however the pith cell area was reduced to 63% and 72% in the CSLF6 lines compared with WT (Table 2) . Because the size of pith cells in the stem is variable, we compared the size of the top 10 largest pith cells and found a strong reduction in the CSLF6 lines compared with WT (Table 2) . Together, these results indicate that the observed reduction in stem size of the CSLF6 lines is linked to a smaller cell size and vascular bundle development rather than the number of pith cells. To establish whether a correlation could exist between the MLG levels and defective development of the stem of the CSLF6 lines, seven stem sections from WT and the CSLF6 lines were subject to immunolabeling with MLG antibody ( Figure S3(b) ). Among the seven stem sections, we observed stronger MLG labeling in the Sections 4-6 of the CSLF6 lines compared with WT (Figure 3(c) ). In the WT stem sections, we observed elevated labeling of MLG in the pith and phloem cells compared with the reminder of the tissue in the sections (Figures 3(c) and S3(b)). We also found higher MLG labeling levels in the pith and phloem cells of the CSLF6 lines, however compared with WT stronger labeling of MLG was observed in the pith cells of the CSLF6 lines (Figure 3(c) ). In addition, intense labeling in the epidermal layer in Section 4 was observed along with minor labeling in Section 3 of the CSLF6 lines compared with the equivalent sections in WT (Figure 3(c) ). No other differences were found in Sections 1, 2 and 7 ( Figure S3  (b) ). The elevated accumulation of MLG in the pith and epidermal cells of the CSLF6 lines led us to investigate whether the cell walls of pith and epidermal cells had been modified. Although the cell wall thicknesses of epidermal cells in WT and the CSLF6 lines did not differ, the cell wall thicknesses of pith cells in the CSLF6 lines were slightly thicker than that of WT (Table 2 ). These results indicate that overexpression of CSLF6 in Brachypodium leads to an enhanced accumulation of MLG in the pith and epidermal cells during Brachypodium stem elongation (Sections 4-6 from top internode) and that induced over-accumulation of MLG in the pith cells correlates with an increase in the thickness of the cell wall and reduced stem elongation. These results also indicate that over-accumulation of MLG in Brachypodium affects growth similar to that in barley (Burton et al., 2011) . As the production of MLG in Brachypodium lines used in this study is driven by a constitutive promoter, these results also imply that tight mechanisms may be in place to either modulate CSLF6 activity or abundance or MLG stability in the cell wall to ensure growth homeostasis during grass development.
DISCUSSION
Definition of the mechanisms necessary to build the plant cell wall is critical to understanding fundamental cellular processes and development of effective strategies to use plant biomass in agroindustrial applications. In this study we have addressed the important questions of where MLG, an abundant polymer of the cell wall matrix of grasses, is synthesized, and whether plant growth phenotypes linked to overproduction of MLG are a general feature among grasses. The discordant views that envisioned MLG production either at the Golgi (Gibeaut and Carpita, 1993; Urbanowicz et al., 2004; Carpita and McCann, 2010; Kim et al., 2015) or at the PM (Wilson et al., , 2015 , and the report that MLG affects growth and development in barley (Burton et al., 2011) prompted this study. We have established that MLG is produced in the Golgi apparatus where the major synthase is localized. We have also established that in Brachypodium an overabundance of MLG compromises tissue morphology supporting that, although MLG is required for growth in grasses, homeostatic mechanisms must be in place to sense and control the tissue levels of MLG.
MLG is synthesized in the Golgi apparatus and shipped to the cell wall
It is well established that with the exception of callose and cellulose, which are synthesized at the PM, pectin and hemicellulose synthesis occurs in the Golgi (Scheller and Ulvskov, 2010; Atmodjo et al., 2013; McFarlane et al., 2014) . Although earlier studies have implied that this idea also applied to MLG (Carpita et al., 2001 ), this conclusion was challenged by results showing that MLG primarily accumulates in the cell wall and that CSLF6 is found at the PM and Golgi, in support of MLG production at the PM (Wilson et al., 2015) . By employing two parallel approaches based on immunogold labeling for MLG detection and quantification, and imaging the functional fluorescent protein fusion of CSLF6, we found evidence for MLG accumulation in the Golgi, and intermediate structures in the biosynthetic route (i.e. TGN) and the cell wall, as well as localization of the major MLG synthase in the Golgi. These results support the idea that MLG is produced in the Golgi, as occurs for other cell wall matrix polysaccharides.
Transport of Golgi-synthesized MLG through the lumen of the secretory pathway has been demonstrated in tobacco leaves expressing YFP-CSLF6 (Kim et al., 2015) . Our results showing that MLG is visible in the Golgi and in the cell wall are in accordance with these findings. Similar to other cell wall carbohydrates and pectins (Zhang and Staehelin, 1992; Sherrier and VandenBosch, 1994) , MLG is visible to a minor extent in the Golgi compared with the cell wall, where these polymers accumulate. We contend that this is linked to the possibility that cell wall matrix carbohydrates are quickly transported to the cell wall, rendering their visualization more challenging at the synthesis site compared with the accumulation site. This hypothesis is consistent with earlier pulse-chase experiments in maize seedlings that demonstrated a transitory distribution of labeled MLG in the Golgi apparatus followed by an accumulation of labeled MLG in the cell wall (Carpita and McCann, 2010) . Analogously, proteins destined to the extracellular environment are synthesized in the ER and accumulate in the apoplast. Similar to the MLG distribution results, detection with fluorescent protein tagging or biochemical fractionation experiments have clearly revealed that the bulk of secreted proteins to the apoplast accumulates outside cells, with negligible amounts inside cells (Phillipson et al., 2001; Renna et al., 2013) . Hence an apparent lower detection of MLG in the Golgi compared with a strong accumulation the cell wall may be the result of trafficking of this polymer to the apoplast. Similarly, partial accumulation of MLG is expected in the TGN, as this organelle functions as a sorting station for anterograde cargo from the Golgi (Gendre et al., 2015) . In plant cells, the TGN exists as a Golgi-associated structure as well as an independent organelle (Gendre et al., 2015) . Although the identity of the non-Golgi-associated vesicles where MLG accumulates identified in our work is yet unknown, it is possible that they may be secretory vesicles or Golgiindependent TGNs (Kim and Brandizzi, 2014; Gendre et al., 2015) . The PM is the site where secretory vesicles dock and release their content. Therefore, given the accumulation of MLG in intermediate compartment such as the TGN, the distribution of MLG at the PM verified in this work and earlier work (Wilson et al., 2015) may represent an intermediate step in MLG deposition in the cell wall. The distribution of MLG in the Golgi established in this work is in agreement with earlier findings that this carbohydrate can be produced in Golgi membranes (Carpita and McCann, 2010; Kim et al., 2015) . Our results are corroborated by evidence provided in this study that a functional fluorescent protein fusion of CSLF6 is found in the Golgi in stable Brachypodium transformants, similar to that in tobacco leaf epidermal cells that transiently express the same fusion protein (Kim et al., 2015) . Although, YFP-CSLF6 used in this study is not driven by the native promoter, the evidence that YFP-CSLF6 is functional in Brachypodium transgenics supports the finding that the enzyme is distributed to a membrane environment that enables its function. Our data are in accordance with earlier findings based on immunodetection with anti-CSLF6 serum on sections that this enzyme is also distributed in the Golgi (Wilson et al., 2015) . However, in contrast with earlier findings, we have not detected noticeable YFP-CSLF6 at the PM. While we cannot exclude that the enzyme may be trafficked to the PM, the lack of visible accumulation of YFP-CSLF6 at the cell periphery argues the hypothesis that enzyme localization at the PM may be transient. Our study does not exclude the possibility that MLG may be also produced by a PM-localized CSLF6 pool, as proposed previously (Wilson et al., 2015) . It is plausible that CSLF6 can function in either membrane system by different membrane dynamics in the specific tissues. Nonetheless, the coincidental distribution of MLG and CSLF6 at the Golgi demonstrated in this study supports the idea that MLG can be produced at the Golgi membranes, similar to other cell wall matrix polysaccharides.
The disruption of growth due to overabundance of MLG is a general phenotype in grasses MLG levels in the plant have a bearing on plant growth, as demonstrated for example by evidence that barley overexpressing CSLF6 has severe growth phenotypes, including lethality (Burton et al., 2011) , while CSLF6 depletion in rice retards growth (Vega-S anchez et al., 2012) . Based on the observation of high MLG labeling around the vascular tissue in barley leaves, Burton et al. (2011) hypothesized that 'vascular suffocation' may occur in the transgenic lines due to high concentrations of viscous MLG that may hamper the transport of water or nutrients. Similarly, we have seen intense labeling of MLG in the phloem cells of WT and CSLF6 Brachypodium lines. The latter also had stronger labeling of MLG in pith cells compared with WT. Similar to barley, we have also established growth defects in the CSLF6 transformants mostly concerning the length of stem internode. Our results support the idea that the number of pith cells does not significantly change in response to the overproduction of MLG in stems, but we found smaller sizes of pith cells in the transgenic lines with slightly thicker walls than that of WT. The slightly thicker wall and strong MLG labeling of pith cells indicated that CSLF6 Brachypodium lines accumulate more MLG in the pith cell wall compared with WT. In addition, we also found a decreased number of VB in the Brachypodium CSLF6 lines. Based on these results, we concluded that high levels of MLG deposition in the stem affect pith cell expansion and vascular bundle development. The high levels of MLG deposited in the pith cell wall may affect cell growth due to over-accumulation of viscous MLG, as proposed earlier (Burton et al., 2011) . Previously, MLG deposition was found to increase in maize coleoptiles when cells are actively growing, however it was also reported that MLG is degraded by glucanases when cell elongation has completed (Kim et al., 2000; Gibeaut et al., 2005) . Although the MLG level in rapidly elongating cells was reported to be tightly regulated in maize (Kim et al., 2000) , MLG does not appear to be directly involved in cell elongation (Carpita et al., 2001; Smith-Moritz et al., 2015) , suggesting that MLG have another unknown role apart from cell elongation during cell expansion. Our results support a positive correlation between MLG levels and cell wall thickness. Brachypodium endosperm was found to have high levels of MLG in the thick cell wall of smaller endosperm cells compared with barley endosperm cells (Trafford et al., 2013) . Although it is not clear what determines the size of a cell and thickness of the cell wall, high levels of MLG appear to increase the thickness of cell walls. In this scenario, a thick cell wall and smaller size of pith cells in Brachypodium CSLF6 lines may occur through similar mechanisms that operate to determine the size and wall thickness of endosperm cells. Alternatively, high accumulation of viscous MLG in the cell wall may provide less favorable conditions for cell wall expansion. The hypothesized role of MLG in organizing cellulose microfibrils along with the previously proposed gel-like structure formation by MLG as an adhesive polymer (Smith-Moritz et al., 2015) suggests that MLG interacts with cellulose microfibrils and fills gaps in the cell wall matrix. Therefore, cell walls of Brachypodium CSLF6 lines that contain high levels of MLG may have higher density due to enhanced gap filling by overabundant MLG. As a consequence, the modified cell walls may have lower expansibility than a normal cell wall, a situation that in turn may compromise growth. Although in transgenic Brachypodium lines CSLF6 expression was driven by a constitutive promoter, MLG levels were not uniform along the stem. This finding may be linked to mechanisms that sense and modulate the MLG level abundance either at the enzymatic level (i.e. modulating CSLF6 activity) or at the level of MLG stability in the wall (i.e. modulating the levels of glucanases in the wall). Even though the underlying mechanism of regulation of MLG accumulation is not clearly understood, our data support the idea that the plant growth phenotypes based on MLG over-accumulation may be a common feature of grasses rather than a specific response of barley. Therefore, an understanding of the mechanisms that underlie growth inhibition as a result of MLG over-accumulation will allow the development of efficient strategies to overcome limitations in increasing MLG levels in plants.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Brachypodium distachyon inbred line Bd21-3 was used for this study. Brachypodium plants were grown at 20 h (23°C)/4 h (18°C) light period.
Construction of pJJ271 for overexpression of CSLF6
To ensure a high level of transformation efficiency, pJJ2LB was selected as the vector backbone based on its documented high performance (Bragg et al., 2012) with established Brachypodium transformation protocols (Vogel and Hill, 2008) . pJJ2LB was originally developed to produce T-DNA mutant collections, and several modifications were introduced to the expression cassette to convert it to a suitable expression vector. First, a unique restriction site was introduced downstream of the CaMV35S promoter sequence, while the Catalase-1 intron was transferred to the 5 0 UTR. Further, to increase translation initiation efficiency, the internal ribosome entry site ARC-2 (Akbergenov et al., 2004) was introduced before the translation initiation site in combination with the optimal TCC sequence at positions À3, À2 and À1 (Sugio et al., 2010) . Finally, a SacI site (ATGagctc) was positioned at the translation initiation ATG, allowing for introduction of any ORF at the correct position in relation to the translation initiation site using SacI restriction enzyme-ligase cloning or In-Fusion cloning (Clontech, www.clontec h.com). To introduce these modifications, the CaMV35S promoter and Catalase-1 intron was amplified by primer pairs JJ991-JJ992 and JJ993-JJ994, respectively, using pJJ2LB as the template, and subsequently sewed together into a single DNA fragment through a separate PCR reaction, using the JJ991-JJ995 primer pair. This product was then cloned into HindIII and BstEII digested pJJ2LB using In-Fusion cloning to produce pJJ271. The altered sequence of pJJ271 was verified by sequencing both strands. Primers used for pJJ271 creation are summarized in Table S1 .
Cloning and generation of Brachypodium overexpressing YFP-CSLF6
The sequence of YFP-fused CSLF6 (codon optimized) was amplified using primers (CSLF6FP and CSLF6RP; Table S1) containing the SacI restriction site from a previously constructed plasmid (Kim et al., 2015) . The plasmid (pJJ271) for the overexpression of YFP-CSLF6 was digested by SacI, and then the final construct was generated after the In-Fusion reaction (Clontech, www.clontech.com). The resulting construct was transformed into AGL-1 agrobacteria for transformation into the Brachypodium Bd21-3 line by the Great Lakes Bioenergy Research Center (GLBRC) plant transformation service at Michigan State University (East Lansing, MI, USA) based on a previously established method (Vogel and Hill, 2008; Alves et al., 2009) .
Cell wall analysis
Plant materials were harvested in liquid N 2 and lyophilized. Preparation of AIR and quantification of MLG were followed as described previously (Kim et al., 2015) .
The GLBRC Cell Wall Facility (East Lansing, MI, USA) analyzed the matrix polysaccharide composition (Albersheim et al., 1967) , the crystalline cellulose (Selvendran and O'Neill, 2006) and the lignin content (Fukushima and Hatfield, 2004) .
Western blot analysis
Leaves from 8-week-old plants were ground in liquid nitrogen using a mortar and pestle. Protein preparation and detection of protein were followed as described previously (Kim et al., 2017) . Anti-GFP serum (Abcam, www.abcam.com) was used at a 1:3000 dilution.
Confocal analyses and BFA treatment
Confocal laser scanning microscopy was performed using a Nikon A1plus microscope (Nikon, www.nikon.com). YFP was excited using a 514 nm laser line, and fluorescence emission was detected between 530-570 nm. For immunofluorescence analyses, the fluorescent signal was recorded using a 488-nm laser line for excitation and a 505-nm long-pass filter for emission.
For BFA treatment, Brachypodium leaf sections were incubated with 100 lg per ml BFA, which was solubilized in 1% ethanol. After BFA treatment the samples were washed with 2 9 PBS and incubated further in PBS for microscopy observations.
Fixing and embedding of Brachypodium stem
Small pieces of Brachypodium stems were fixed in 1 9 PBS containing 4% (v/v) paraformaldehyde and 0.5% (v/v) glutaraldehyde with vacuum infiltration. After dehydration using an ethanol dilution series (25, 50, 75, or 100% with H 2 O), the samples were embedded in paraffin.
Immunofluorescence
Paraffin-embedded stem sections were cut to a 9-lm thickness, and placed on glass slides. Three slides were made, each containing biological replicates. Samples were de-waxed twice using 100% Histoclear II â (Electron Microscopy Sciences) for 20 min, 100% ethanol for 2 min twice and followed by dehydration using an ethanol dilution series (90, 80, 60, and 30% with H 2 O) for 2 min each. In total, 250 ll of primary antibody [anti-MLG serum at 1:50 dilution in 3% (w/v) non-fat dried milk in 1 9 PBS] were added to each slide, except for the secondary antibody control slide, which contained only 3% (w/v) non-fat dried milk in 1 9 PBS and was incubated for 3 h. After incubation with primary antibody, slides were washed three times in 1 9 PBS, and secondary antibody [anti-mouse conjugated with FITC at 1:100 in 3% (w/v) non-fat dried milk in 1 9 PBS] was applied to all slides, except for the primary antibody control, for 1 h. After washing slides three times using 1 9 PBS, 100 ll of Citifluor was added to preserve fluorescence.
Stem measurements
Cross-sections of Brachypodium plants were de-waxed in xylene and brought to 70% ethanol using a graded ethanol series. Samples were stained with safranin O and fast green using established procedures (Johansen, 1940) . Stained slides were sealed in xylene and images were taken using a bright field through a Zeiss Axio Imager M2 microscope (Zeiss, www.zeiss.com). ImageJ software was used to measure pith cell area, stem inner and outer diameter, epidermal and pith cell wall thickness.
Immunogold labeling
Coleoptiles from Brachypodium and barley were fixed and dehydrated as above. After thin sections were generated (~60 nm), the sections were blocked in 1 9 PBS containing 5% goat serum and 5% BSA for 30 min. Anti-MLG (1/100 dilution; Biosupplies, www.b iosupplies.com.au) and anti-xylan (1/25 dilution; LM10, www.plant probes.net) in 1 9 PBS with 0.1% BSA was added to the sections as primary antibody and incubated for 1 h for anti-MLG and overnight for anti-xylan. After washing three times using 1 9 PBS with 0.1% BSA, anti-mouse goat antibody conjugated with 10 nm colloidal gold (1/20 dilution; Sigma, www.sigma.com) was applied as the secondary antibody.
